Abstract: The changes in microstructure that take place during aging a low carbon heat resistant alloy at 750°C for a period of time of up to 1,000 h were studied by optical and scanning electron microscopy, X-ray diffraction and mechanical testing. The microstructure of the as-cast alloy consisted of an austenitic matrix and a network of Nb-and Cr-rich primary carbides that were identified by their tonality when viewed in backscattered mode in a scanning electron microscopy. Aging promotes precipitation of secondary carbides and the transformation of the Nb-rich particles. The mechanical properties are affected by the occurrence of the different phenomena.
Introduction
Heat-resistant alloys are used in environments subjected to oxidizing or corrosive atmospheres at temperatures above 650°C. Their main constituents are nickel, chromium and iron, and contain different amounts of niobium, titanium, vanadium and zirconium to enhance their creep resistance by the formation of particles stable at the operating temperatures. Their chemical compositions have changed through their use during the last 50 years; early alloys were cast conventional stainless steels (HB and HC types, 18Cr-4Ni and 18Cr-8Ni), that turned into HK (25Cr-20Ni) and HP (25Cr-35Ni) types. The purpose for the reduction in fuel consumption and in emissions impose harsher operating conditions in many industrial sectors, and so the new heat resistant alloys contain reduced amounts of carbon and higher amounts of chromium and nickel, as well as and many other elements [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Experimental procedure
Samples from a heat resistant alloy (0.15 C, 16.8 Fe, 34.0 Cr, 1.53 Si, 1.31 Nb, 1.03 Mn, 0.08 P, 0.02 P, 0.01 S, bal. Ni, mass %) were cut from a centrifugal cast pipe of 1500 mm in length with internal and external diameters of 108 and 130 mm, respectively; cylindrical tensile specimens of 25 mm in length and 6.4 mm in diameter were machined with their axis parallel to that of the pipe. The tests were conducted at room temperature in material that was either in their as-cast and or aged conditions; Vickers microhardness tests (200 g for 15 s) were also conducted. The material was held at 750°C for up to 1000 h in air in an electric resistance furnace. The samples were prepared for their metallographic examination following standard polishing procedures and were etched with an electrolytic solution of 10 g of oxalic acid in 100 ml of water. A potential of 6 V was applied for 3-5 s using a stainless steel cathode; the temperature of the etchant was kept at 26°C.
The microstructure of specimens in the as-cast conditions and aged for 500 and 1000 h were examined in an inverted light optical microscope (LOM). A scanning electron microscope (SEM) was used to evaluate the microstructure of selected samples using secondary (SE) and backscattered electron (BE) detectors. X-ray analyses of selected areas were also obtained (EDX). The presence of different phases was identified by X-ray diffraction (XRD) using copper radiation (λ = 0.15418 nm) in the interval of 2θ of 20 to 100°with a time step 13 s and 2 θ of 0.02°.
Results and discussion
Optical examination of the as-cast samples shows that the microstructure of the alloy is made of an austenite dendrite matrix, with a secondary dendrite arm spacing of 40 µm, and a network of primary eutectic carbides present in the interdendritic regions ( Figure 1 ). Figure 2 shows images taken from the alloy using the detector for SE, Figure 2 (a), and BE, Figure 2 (b). The difference in tonality of the carbides can be appreciated, as heavier elements appear in lighter tones. Selected EDX analyses carried out on the matrix and on either type of carbide show that the bright particles contain niobium, whereas the dark carbides are rich in chromium (Figure 3 ), in agreement with work published before [8] [9] [10] [11] .
Aging promote changes in the microstructure of the alloy. Figure 4 shows the SEM images, in BE mode, of the material after aging for 500 and 1000 h. The most remarkable features in the aged samples are the precipitation of small secondary needle-shape particles and the rounding of primary carbides, as compared with the ascast microstructures shown in Figure 2 . Figures 5 and 6 show selected EDX analyses conducted in the dark and light particles in as-cast and aged samples. Selected EDX analyses were carried out on the secondary carbides found in the aged alloys; such results are shown in Figure 7 that indicate that these particles are made of chromium; the presence of Ni and Si in the spectra may be due to the small size of the particles so their signal may come from surrounding matrix. The X-ray spectra obtained in the samples in the as-cast and aged conditions are shown in Figure 8 . Figure 4 shows that secondary carbides have the tendency to grow along well defined directions, as the angles between different needle-shape were inclined either 60 or 90°to each other, indicating that the particles align to <110> directions (it can be deduced by crystallographic means that any two different [110] directions are inclined either 60 or 90°with respect to each other) [12] . As planes and directions normal to each other have the same index in the cubic system, it can be deduced that the growing particles are Cr 23 C 6 , as these carbides nucleate and grow on {110} planes [13] . The FCC lattice parameter for the Cr 23 C 6 carbides was calculated from the XRD diffraction charts yielding to 1.075 nm, which is consistent with the values of 1.06 to 1.11 nm reported in the literature [14] [15] [16] .
Chromium and niobium form different carbides that are stable at different temperatures [17] [18] [19] [20] . The experimental data obtained by X-ray diffraction, Figure 8 , indicate that the primary eutectic carbides are of the NbC and Cr 7 C 3 . Aging promotes the occurrence of secondary Cr 23 C 6 and that of a silicide identified as Nb 3 Ni 2 Si. Research carried out on similar alloys have shown NbC transforms to a silicide referred as either η-or G-phase [6, 11, 15, [21] [22] [23] [24] . Figure 9 shows a SEM image in backscattered electron mode of a sample aged for 1000 h in which partial transformation of niobium-rich carbide into silicide takes place, confirming that this transformation takes place by diffusion [24] , and is not complete even after 1000 h of aging. It has been suggested that carbon is released during this process, producing a local increase in solute that promotes the precipitation of Cr 23 C 6 [21] . The Nb 3 Ni 2 Si structure that was identified in the XRD charts in the aged condition has a FCC structure with a lattice parameter of 1.12 nm, which agrees with results from previous researchers [6, 11, 15, [21] [22] [23] [24] . Further details on this transformation can be found elsewhere [11] .
The changes that take place during aging affect the mechanical properties of the material, promoting the reduction in ductility and the increase in strength and hardness, Table 1 . The values obtained in this work coincide with those from similar alloys [1, 9, 11, 14] (Figure 10 ). The reduction in ductility becomes critical when these alloys have to be repaired by welding after service, as the low value of ductility will not allow the repair without an adequate annealing heat treatment [10, 25] ; these materials are sensitive to weld cracking, as cracks are formed in the brittle zones created by primary carbides [26] . It is claimed that η-phase acts as nucleation point of weld cracks in aged samples that are able to grow through [22] . The interface between matrix and Gphase has been identified as preferential site for nucleation of cracks due to creep [23, 24] .
Conclusions
It can be summarized that the microstructure of the ascast material is made of an austenitic dendrite matrix and a network of primary carbides present in interdendritic areas. The scanning electron microscopy image in backscattered electrons mode revealed that the carbides are of two different types. EDX microanalysis showed that niobium-rich carbides appear bright, whereas chromium-rich appear in darker tones. XRD analyses revealed the presence of NbC and Cr 7 C 3 in the as-cast condition. Aging for different time at 750°C produced changes in the Figure 9 : SEM image in backscattered electron mode of a sample from the low-carbon alloy aged for 1000 h showing the partial transformation of a NbC (a) particle into the niobium silicide (b). The EDX spectra are shown at the bottom. 
